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1 	 | 	 INTRODUCTION

All	species	experience	stress	–		a	disruption	in	the	body's	
homeostasis	provoked	by	mental,	emotional,	or	physical	
strain	resulting	in	physiological	and	behavioral	responses	

to	the	stimuli.	We	often	think	of	stress	as	something	need-
ing	to	be	eliminated	or	minimized.	In	reality,	stress	can	be	
positive,	eustress,	or	negative,	distress.	Distress,	stress	that	
is	damaging	or	unpleasant,	is	often	what	people	think	of	
when	the	word	stress	is	used.

Received:	20	December	2021	 |	 Revised:	15	February	2022	 |	 Accepted:	17	February	2022

DOI:	10.14814/phy2.15220		

O R I G I N A L  A R T I C L E

Muscular tension as an indicator of acute stress in horses

Ellen M. Rankins1 |   Helio C. Manso Filho2 |   Karyn Malinowski1 |    
Kenneth H. McKeever1

This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	provided	
the	original	work	is	properly	cited.
©	2022	The	Authors.	Physiological Reports	published	by	Wiley	Periodicals	LLC	on	behalf	of	The	Physiological	Society	and	the	American	Physiological	Society

1Equine	Science	Center,	Department	
of	Animal	Science,	Rutgers	The	
State	University	of	New	Jersey,	New	
Brunswick,	New	Jersey,	USA
2Departamento	de	Zootecnia,	
Universidade	Federal	Rural	de	
Pernambuco	(UFRPE),	Recife-	PE,	
Brasil

Correspondence
Kenneth	H.	McKeever,	Equine	Science	
Center,	Department	of	Animal	
Science,	Bartlett	Hall,	Rm	003,	Rutgers	
University,	84	Lipman	Drive,	New	
Brunswick,	NJ	08901,	USA.
Email:	mckeever@sebs.rutgers.edu

Funding information
This	study	was	supported	by	funding	
from	the	Rutgers	Equine	Science	
Center.	HCMF	received	a	scholarship	
from	the	CAPES	/	PRINT	/	UFRPE	
program.

Abstract
Horses’	muscular	tension	during	acute	stress	remains	unexplored.	Our	aim	was	
to	assess	muscular,	behavioral,	cortisol,	and	hematocrit	responses	to	social	iso-
lation	 (ISO),	 novel	 object	 exposure	 (NOV),	 and	 sham	 clipping	 (CLIP).	 Altered	
stress	responses	were	expected.	Eight	mature	Standardbred	horses	(four	mares	
and	four	geldings)	were	exposed	to	acute	stressors	and	a	control	period	(CON)	
in	a	balanced,	replicated	4×4	Latin	Square	experimental	design	with	3 min	treat-
ment	periods	and	10 min	washout	periods.	Surface	electromyography	collected	
from	the	masseter,	brachiocephalas,	cervical trapezius,	and	longissimus dorsi	was	
processed	 to	derive	average	 rectified	value	 (ARV)	and	median	 frequency	 (MF)	
during	the	initial,	middle,	and	final	30 s	of	treatments.	ARV	and	MF	data	were	
log	transformed	then	analyzed	using	a	mixed	model,	repeated	measures	ANOVA	
along	with	plasma	cortisol	and	hematocrit.	Behavior	data	were	analyzed	using	a	
negative	binomial	distribution	mixed	model	ANOVA.	CLIP	resulted	 in	greater	
(p < 0.05)	log	ARV	in	the	masseter	(1.5 + 1.5%,	mean	+	SD)	and	brachiocepah-
las	 (2.2  +  2.0%)	 than	 CON	 (−1.2  +  1.4%,	 0.1  +  1.5%).	 ISO	 resulted	 in	 greater	
(p < 0.05)	log	ARV	in	the	masseter	(0.2 + 1.3%)	and	cervical trapezius	(0.6 + 1.3%)	
than	CON	(−1.2 + 1.4%,	−1.0 + 1.7%).	ISO	increased	(p < 0.05)	the	total	number	
of	stress-	related	behaviors	and	hematocrit.	No	changes	in	cortisol	were	observed.	
We	suggest	that	muscular	tension	can	be	used	as	an	indicator	of	acute	stress	in	
horses.	Incorporating	muscle	activity	into	an	array	of	measurements	may	provide	
a	more	nuanced	understanding	of	stress	responses.
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Stress,	 whether	 eustress	 or	 distress,	 is	 inextricably	
linked	to	welfare	and	its	assessment	in	horses	and	other	
animals.	 Distress,	 particularly	 chronic	 distress,	 makes	
the	 achievement	 of	 a	 positive	 state	 of	 welfare	 impossi-
ble	(Veissier	&	Boissy,	2007).	Maintaining	and	improving	
horse	welfare	is	critical	to	the	long-	term	sustainability	of	
the	equine	industry	as	well	as	attaining	peak	horse	perfor-
mance	(Bartolomé	et	al.,	2013;	Lesimple,	2020).	To	meet	
these	goals,	we	need	to	understand	the	effects	of	manage-
ment	 and	 training	 practices	 on	 horses’	 stress	 responses	
and	the	role	acute	and	chronic	stressors	play	in	determin-
ing	a	horse's	state	of	welfare.

Stress	 in	 horses	 can	 be	 evaluated	 via	 behavioral	 or	
physiological	 measures	 (König	 von	 Borstel	 et	 al.,	 2017).	
Behavioral	 responses	 to	 stress	often	exhibit	greater	plas-
ticity	and	range	than	physiological	responses	(König	von	
Borstel	 et	 al.,	 2017).	 Physiological	 measures	 typically	
reflect	 activation	 of	 either	 the	 hypothalamic–	pituitary–	
adrenal	 (HPA)	axis	or	 the	sympathetic–	adrenal–	medulla	
(SAM)	 axis	 (König	 von	 Borstel	 et	 al.,	 2017).	 Activation	
of	the	HPA	axis	results	in	increased	plasma	and	salivary	
cortisol	 (König	 von	 Borstel	 et	 al.,	 2017).	 The	 primary	
products	of	the	SAM	axis	are	the	catecholamines,	norepi-
nephrine	 and	 epinephrine,	 which	 cause	 further	 physio-
logical	changes	 in	 the	body	such	as	 increased	heart	 rate	
and	alterations	in	heart	rate	variability	(König	von	Borstel	
et	 al.,	 2017;	 Myrtek,	 2004).	 In	 horses,	 sympathetic	 acti-
vation	 also	 results	 in	 an	 increase	 in	 hematocrit	 through	
the	actions	of	the	catecholamines	(McGowan	&	Hodgson,	
2014).	 A	 pool	 of	 red	 blood	 cells	 is	 stored	 in	 the	 spleen.	
When	sympathetic	activation	occurs,	the	spleen	contracts,	
thereby	forcing	more	red	blood	cells	into	circulation	and	
increasing	the	hematocrit	(McGowan	&	Hodgson,	2014).	
More	recent	work	has	suggested	the	use	of	other	physio-
logical	measures	such	as	spontaneous	eye	blink	rate	and	
eye	 temperature	 to	assess	 stress	 in	 the	horse	 (McGreevy	
et	al.,	2012;	Mott	et	al.,	2020;	Yarnell	et	al.,	2013).	The	ra-
tionale	for	exploring	other	measures	of	stress	is	two-	fold.	
First,	measuring	more	than	one	variable	in	assessing	stress	
is	useful	as	it	allows	for	a	more	nuanced	understanding	of	
the	horse's	stress	response	including	whether	a	stressor	re-
sults	in	eustress	or	distress	for	an	animal	and	may	assist	in	
the	interpretation	of	responses	exhibiting	plasticity,	such	
as	 behavioral	 responses	 (König	 von	 Borstel	 et	 al.,	 2017).	
Additionally,	 the	 development	 and	 validation	 of	 non-	
invasive	measures	can	alleviate	concerns	of	the	measures	
themselves	inducing	stress	in	the	horse.

A	non-	invasive	measure	of	stress	which	remains	unex-
plored	in	the	horse	is	muscle	tension.	Human	studies	as-
sociate	muscular	tension,	especially	in	the	jaw,	neck,	and	
shoulder,	with	mental	stress	and	psychological	disorders	
(Davidowitz	et	al.,	1955;	Lundberg	et	al.,	1994;	Pétursson,	
1962;	Sainsbury	&	Gibson,	1954).	Resting	muscle	activity	

or	tension	along	the	spine	has	been	explored	as	an	indica-
tor	of	welfare	in	horses,	but	the	study	did	not	examine	the	
effects	of	stress	on	muscle	tension	(Lesimple	et	al.,	2012).	
The	 measurement	 of	 muscle	 activity	 along	 the	 spine	 in	
this	study	makes	further	 investigation	of	muscle	activity	
in	 this	 location	 attractive	 (Lesimple	 et	 al.,	 2012).	 Facial	
muscles	also	present	an	attractive	target	in	which	to	study	
muscle	tension	–		think	of	clenching	your	jaw	(Pétursson,	
1962;	Sainsbury	&	Gibson,	1954).	The	face	and	its	multi-
tude	of	muscles	make	this	feature	one	of	the	most	expres-
sive	 in	the	body	and	the	horse	 is	no	exception.	Pain	can	
be	 assessed	 and	 scored	 based	 on	 facial	 expression	 alone	
(Gleerup	et	al.,	2015).

To	explore	novel	measures	of	stress	in	the	horse,	it	must	
be	exposed	to	conditions	known	to	elicit	a	stress	response	
and	cause	distress,	at	least	temporarily	to	the	horse.	Many	
different	 stress	 eliciting	 conditions	 can	 be	 found	 in	 the	
literature,	 including	 sham	 clipping,	 social	 isolation,	 and	
novel	 object	 exposure.	 Sham	 clipping,	 applying	 electric	
clippers	to	the	horse's	body,	has	been	used	in	other	recent	
validations	of	measures	of	stress	in	the	horse	(Mott	et	al.,	
2020;	Yarnell	et	al.,	2013).	Social	isolation	has	a	long	his-
tory	of	use	in	assessing	stress	and	is	particularly	relevant	
to	the	horse	as	it	is	a	gregarious	species	(Mal	et	al.,	1991).	
Exposure	 to	 a	 novel	 object	 elicits	 a	 fear	 response	 in	 the	
horse,	 although	 the	 particular	 response	 elicited	 may	 be	
dependent	 on	 the	 object	 presented	 (Bulens	 et	 al.,	 2015;	
Lansade	et	al.,	2008b).

The	aim	of	this	study	was	to	determine	the	effects	of	
acute	 stress	 in	 the	 form	 of	 social	 isolation,	 novel	 object	
exposure,	and	sham	clipping	on	muscle	activity	in	facial,	
neck,	shoulder,	and	back	muscles,	behavior,	plasma	cor-
tisol,	and	hematocrit	 in	the	horse.	We	hypothesized	that	
acute	stress	would	alter	muscle	activity,	behavior,	plasma	
cortisol,	and	hematocrit	in	horses	as	compared	to	a	stand-
ing	control.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Animals

Eight	mature	Standardbred	horses	 [four	mares	and	 four	
geldings,	13 years	(SD	5.7),	495 kg	(SD	42)]	were	used	in	
the	 study.	 Horses	 were	 housed	 by	 sex	 in	 0.8  ha	 dry	 lots	
at	 the	 Rutgers	 University	 Large	 Animal	 Farm	 in	 New	
Brunswick,	 New	 Jersey.	 Horses	 were	 fed	 a	 commercial	
maintenance	 ration	 (maximum	 1%	 body	 weight)	 and	
had	ad libitum	access	to	an	alfalfa	and	grass	hay	mixture.	
Horses	had	continual	access	to	water	and	trace	mineral-
ized	salt	blocks.	Prior	to	the	start	of	the	study,	horses	were	
familiarized	 with	 the	 study	 procedures	 and	 handling	 by	
the	 study	 staff.	 Experimental	 procedures	 were	 approved	
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by	the	Rutgers	University	Institutional	Animal	Care	and	
Use	Committee.

2.2	 |	 Experimental design

To	 assess	 the	 behavioral,	 hormonal,	 and	 muscular	 re-
sponses	of	horses	to	stressful	situations,	a	replicated	4×4	
balanced	 Latin	 Square	 experimental	 design	 was	 used.	
Horses	were	exposed	to	four	conditions	–		control	(CON),	
novel	 object	 (NOV),	 sham	 clipping	 (CLIP),	 and	 social	
isolation	 (ISO)	–		 in	3-	min	periods	with	10-	min	washout	
periods	between	each	 treatment	period.	Each	horse	was	
exposed	to	all	four	conditions	on	one	day	with	testing	oc-
curring	over	4 days.	Testing	occurred	between	1100	and	
1400.	 The	 order	 in	 which	 horses	 were	 tested	 was	 rand-
omized.	In	the	CON	condition,	horses	remained	loose	in	
a	box	stall	(3.7 × 3.7 m)	with	companion	horses	in	the	ad-
joining	stalls	(visual,	auditory,	and	tactile	contact).	During	
the	NOV	condition,	horses	were	fitted	with	a	halter	and	
lead	line.	A	handler	led	the	horse	from	the	box	stall	and	
onto	a	novel	object	 (blue	 tarp	 secured	 to	 the	 floor).	The	
lead	 line	 was	 loosely	 held	 for	 the	 3-	min	 period	 and	 the	
horse	redirected	if	it	attempted	to	exit	the	tarp.	The	horse	
remained	within	close	proximity	(visual	and	auditory	con-
tact)	with	the	companion	horses.	The	same	handler	was	
used	for	all	horses	and	conditions.	In	the	CLIP	condition,	
horses	were	fitted	with	a	halter	and	lead	line	and	led	from	
the	stall	by	the	handler.	Electrical	clippers	were	turned	on	
and	applied	to	the	horse's	upper	neck	(slightly	caudal	to	
the	base	of	the	ears).	The	side	on	which	the	clippers	were	
applied	(left	and	right)	was	periodically	switched	during	
the	 3-	min	 period.	 Pressure	 was	 applied	 to	 the	 lead	 line	
if	 the	 horse	 attempted	 to	 move	 away	 from	 the	 clippers.	
Horses	remained	in	close	proximity	(visual	and	auditory	
contact)	 to	 the	 companion	 horses.	 During	 ISO,	 horses	
remained	loose	in	the	box	stall.	Companion	horses	were	
removed	from	the	barn.	At	the	end	of	the	period,	compan-
ion	horses	were	returned	to	the	barn.	Access	to	feed	and	
water	was	removed	during	the	testing	period.	Companion	
horses	were	provided	with	ad libitum	access	to	fresh	water	
and	hay	in	their	stalls.	Horses	were	returned	to	their	re-
spective	 dry	 lots	 following	 completion	 of	 the	 last	 blood	
collection	and	removal	of	data	collection	equipment.

2.3	 |	 sEMG data collection

Prior	 to	 the	 start	 of	 the	 study,	 the	 hair	 at	 the	 sEMG	 at-
tachment	sites	was	clipped	to	a	length	of	0.6 mm	(Licka	
et	al.,	2009;	Zsoldos	et	al.,	2010).	sEMG	attachment	sites	
were	 scrubbed	 with	 a	 70%	 alcohol	 solution	 and	 allowed	
to	 air	 dry.	 Self-	adhesive	 sEMG	 electrodes	 (Ag/AgCl,	

1.3-	cm	diameter,	2-	cm	inter-	electrode	distance,	Noraxon,	
Scottsdale,	 AZ,	 USA)	 and	 telemetric	 transmitter	 units	
(Ultium	 EMG,	 Noraxon,	 Scottsdale,	 AZ,	 USA)	 were	 at-
tached	to	the	right	and	left	masseter,	brachiocephalas,	cer-
vical trapezius,	 and	 longissimus dorsi	 using	 the	 supplied	
self-	adhesive	backing.	The	electrode	for	the	masseter	was	
placed	approximately	5 cm	cranial	 to	the	caudal	edge	of	
the	 mandible	 (Williams	 et	 al.,	 2014).	 The	 electrode	 for	
the	brachiocephalas	was	placed	in	the	center	of	the	mus-
cle	 belly	 parallel	 to	 the	 muscle	 fibers	 as	 determined	 by	
manual	palpation	of	surrounding	landmarks	and	approxi-
mately	16 cm	cranial	to	the	posterior	part	of	the	greater	tu-
bercle	of	the	humerus	(point	of	the	shoulder)	(Kienapfel,	
2015;	 Robert	 et	 al.,	 1998).	 The	 electrode	 for	 the	 cervical 
trapezius	was	placed	parallel	to	the	muscle	fibers	approxi-
mately	6 cm	cranial	to	the	proximal	end	of	the	spine	of	the	
scapula	(Robert	et	al.,	1998).	The	electrode	for	the	longis-
simus dorsi	was	placed	approximately	5 cm	lateral	to	the	
spinous	process	of	T12	(Robert	et	al.,	1998,	2010).	sEMG	
transmitter	units	were	further	secured	with	electrical	tape	
(3	M,	Saint	Paul,	MN,	USA)	and	self-	adhesive	bandages	
(VetRap™,	3	M,	Saint	Paul,	MN,	USA)	to	prevent	detach-
ment	 during	 locomotion	 or	 other	 activities.	 sEMG	 data	
were	collected	continuously	during	each	of	the	four	treat-
ment	 periods.	 Telemetric	 sEMG	 units	 were	 connected	
wirelessly	to	a	laptop.	Data	were	viewed	and	collected	in	
real	time	at	a	sampling	frequency	of	2000 Hz	(MR	3.14™,	
Noraxon,	 Scottsdale,	 AZ,	 USA)	 with	 application	 in	 an	
analog	gain	of	500	for	amplification.	Prior	to	data	collec-
tion,	impedance	was	measured	using	the	software	system	
(MR	3.14™,	Noraxon,	Scottsdale,	AZ,	USA).	Data	collec-
tion	only	proceeded	if	impedance	was	less	than	10kΩ.	As	
data	were	collected,	a	high-	pass	band	filter	of	10 Hz	and	
a	low-	pass	band	filter	of	500 Hz	were	applied	to	remove	
noise	from	the	signal.

2.4	 |	 Video collection

Video	was	collected	continuously	during	each	of	the	treat-
ment	periods	for	subsequent	behavior	analysis.	A	GoPro™	
camera	(Hero7,	GoPro	Inc.,	San	Mateo,	CA)	was	mounted	
in	a	location	offering	an	unobstructed	view	of	the	testing	
area	and	video	collected	at	a	sampling	rate	of	30	 frames	
per	second.	A	second	view	of	the	testing	area	was	recorded	
at	a	sampling	rate	of	30	frames	per	second	(Dell,	Round	
Rock,	TX).

2.5	 |	 Blood sampling

Prior	to	the	start	of	the	study,	the	hair	at	the	catheter	in-
sertion	site	was	clipped	to	a	length	of	1.5 mm.	On	the	day	
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of	testing,	the	catheter	insertion	site	was	scrubbed	with	a	
povidone-	iodine	 solution,	 followed	 by	 a	 70%	 alcohol	 so-
lution,	and	allowed	to	air	dry.	Between	1030	and	1100,	a	
jugular	catheter	(Angiocath,	14 gauge,	Becton	Dickinson,	
Inc.	 Parsippany,	 NJ,	 USA)	 was	 inserted	 percutaneously	
into	the	left	jugular	vein	using	sterile	techniques	and	local	
lidocaine	 anesthetic.	 Horses	 were	 allowed	 to	 equilibrate	
for	 at	 least	 20  min	 following	 catheter	 placement.	 Blood	
samples	 (approximately	 14  ml	 at	 each	 collection	 time	
point)	were	collected	15 min	prior	to	the	start	of	the	first	
testing	period,	at	the	start	of	and	conclusion	of	each	of	the	
four	3-	min	treatment	periods,	and	30 min	after	 the	con-
clusion	of	the	last	treatment	period	for	a	total	of	10 sam-
ples	per	horse.	Samples	were	placed	in	pre-	chilled	heparin	
tubes	(Vacutainer,	Franklin	Lakes,	NJ,	USA)	and	immedi-
ately	placed	on	ice.

2.6	 |	 sEMG Data Processing

Post	 processing	 of	 data	 occurred	 in	 myoMUSCLE™	
(Noraxon,	 Scottsdale,	 AZ,	 USA).	 EMG	 signals	 were	 fil-
tered	using	a	band-	pass	filter	(Butterworth,	40	and	450 Hz	
cutoffs)	 following	 current	 recommendations	 (St.	 George	
et	al.,	2018).	Peak	amplitude	over	a	100 ms	duration	dur-
ing	social	isolation	was	determined	and	used	for	normali-
zation.	EMG	signals	were	rectified	and	then	normalized	to	
the	peak	value	obtained	previously.	The	frequency	content	
of	 the	EMG	signal	was	determined	using	a	Fast	Fourier	
transformation	(FFT)	(MyoMuscle™,	Noraxon,	Scottsdale	
AZ,	USA).	The	average	rectified	value	(ARV,	%)	and	me-
dian	frequency	(MF,	Hz)	were	calculated	(MyoMuscle™,	
Noraxon,	Scottsdale	AZ,	USA)	for	the	first	30 s	(0–	30 s),	
middle	30 s	(75–	150 s),	and	final	30 s	(150–	180 s)	of	each	
treatment	period.

2.7	 |	 Behavior

An	 ethogram	 of	 stress-	related	 behaviors	 (Table	 1)	
was	 developed	 using	 previously	 published	 ethograms	
(McDonnell,	 2003;	 McGreevy	 &	 McLean,	 2010).	 Three	
undergraduate	 students	 were	 trained	 to	 identify	 these	
stress-	related	behaviors	using	short	video	clips.	The	train-
ing	 was	 undertaken	 by	 the	 researcher	 (EMR)	 who	 had	
extensive	previous	experience	in	using	the	ethogram	and	
training	 students	 in	 using	 it.	 Students	 were	 required	 to	
obtain	 greater	 than	 an	 80%	 level	 of	 agreement	 with	 the	
individual	 providing	 the	 training	 before	 proceeding.	
Inter-	rater	 agreement	 was	 assessed	 within	 BORIS	 using	
Cohen's	kappa	(Friard	&	Gamba,	2016).	Videos	collected	
during	the	study	were	imported	into	BORIS,	a	free,	open-	
source	software	for	video	coding	(Friard	&	Gamba,	2016).	

Each	of	the	three	students	watched	and	coded	each	of	the	
videos	for	behaviors	of	interest.	Averages	of	the	frequency	
of	observed	behaviors	from	the	three	observers	were	used	
for	further	analysis.

2.8	 |	 Blood sample processing

Hematocrit	 was	 measured	 using	 the	 microhematocrit	
method.	Blood	samples	were	then	centrifuged	at	3000	×	g	
for	12 min.	Plasma	total	protein	concentration	was	meas-
ured	 via	 refractometry	 (Leica,	 Inc.,	 Buffalo,	 NY,	 USA).	
Plasma	for	the	measurement	of	cortisol	was	then	frozen	at	
−80°C	until	analyzed.	Cortisol	concentrations	were	meas-
ured	 using	 a	 solid-	phase	 chemiluminescent	 immunoas-
say	 system	 (Immulite,	 Diagnostic	 Products	 Corporation,	
Los	 Angeles,	 CA)	 previously	 validated	 for	 use	 in	 horses	
(Reimers	et	al.,	1996).	Intra-	assay	precision	was	determined	
by	testing	a	pooled	sample	8	times	consecutively	within	the	
same	run.	The	mean	CV	was	5.8%	for	 the	sample	with	a	
mean	concentration	of	2.16 µg/dl.	The	interassay	precision	
for	a	pooled	sample	(2.15 µg/dl)	tested	over	7 days	over	an	
8-	day	period	was	5.5%.	Analytical	sensitivity	was	0.2 µg/dl.

2.9	 |	 Statistical analysis

Data	 were	 inspected	 for	 normality.	 ARV	 and	 MF	 data	
violated	 the	 assumptions	 of	 normality.	 The	 Box-	Cox	
procedure	 was	 used	 to	 determine	 the	 appropriate	 data	
transformation.	ARV	and	MF	data	were	log	transformed	
prior	 to	 further	 analysis.	 ARV	 and	 MF	 were	 analyzed	
using	a	mixed	model,	repeated	measures	ANOVA	with	
fixed	 effects	 of	 treatment,	 time	 point,	 and	 period;	 ran-
dom	effects	of	horse	and	side;	and	interactions	of	treat-
ment	 by	 time	 point,	 treatment	 by	 side,	 and	 time	 point	
by	 side	 (SAS	 9.4,	 Cary,	 NC,	 USA).	 Insufficient	 num-
bers	 of	 specific	 stress-	related	 behaviors	 were	 observed	
to	 make	 analysis	 by	 specific	 behavior	 valid.	 The	 fre-
quency	of	specific	behaviors	was	summed	to	acquire	the	
total	number	of	stress-	related	behaviors	for	each	horse	
within	each	treatment.	The	sum	of	stress-	related	behav-
iors	 was	 used	 in	 further	 analyses.	 Behavior	 data	 were	
analyzed	using	a	negative	binomial	distribution	mixed	
model	ANOVA	with	 fixed	effects	of	 treatment	and	pe-
riod	 and	 a	 random	 effect	 of	 horse	 (SAS	 9.4,	 Cary,	 NC,	
USA).	The	most	appropriate	distribution	for	the	model	
was	selected	based	on	visual	inspection	of	the	data	and	
comparison	of	the	Akaike	Information	Criterion	(AIC)	
across	 models.	 Inter-	rater	 agreement	 was	 calculated	
using	 an	 intra-	class	 correlation	 with	 two-	way	 random	
effects,	 absolute	 agreement,	 and	 single	 rater	 effects.	
Cortisol	 concentrations,	 hematocrit,	 and	 plasma	 total	
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T A B L E  1 	 Stress-	related	behavior	ethogram	developed	from	McDonnell	(2003)	and	McGreevy	and	McLean	(2010)

Activity Operational definition

Licking/Chewing Manipulating	mouth	and/or	tongue,	but	not	ingesting	food

Yawning Deep,	long	inhalation	with	mouth	widely	opened,	with	jaws	either	directly	opposed	or	moved	
side	to	side

Mouthing Manipulate	object	with	open	mouth.	May	close	teeth	on	object.	Typically	seen	as	horse	
investigates	stimulus

Wood	Chewing Chewing	and/or	ingesting	wooden	objects	such	as	stall	walls

Tongue	Displacement Tongue	hanging	far	out	of	the	mouth,	usually	to	the	side	where	it	dangles	loosely

Tongue	Lolly Extraneous	movement	of	the	tongue	in	and	out	of	the	mouth

Blowing/Snorting Forceful	expulsion	of	air	from	the	horse's	nostrils

Sniffing The	horse	inhales	air.	Typically	seen	as	the	horse	investigates	the	stimulus.

Flehmen The	horse	elevates	its	head	and	extends	its	neck	with	the	eyes	rolled	back,	ears	rotated	to	the	side,	
and	upper	lip	everted	exposing	the	upper	incisors	and	adjacent	gums

Vocalization The	horse	produces	a	sound	of	high	amplitude	and	variable	frequency.

Biting/nipping* Opening	and	rapid	closing	of	the	jaws	with	the	teeth	grasping	the	handler,	wood,	or	other	objects

Bite	Threat* Opening	and	rapid	closing	of	the	jaws	without	the	teeth	contacting	the	handler,	wood,	or	other	
objects.	The	horse's	ears	are	pinned

Ears	pinned* Ears	pressed	caudally	against	the	horse's	head	and	neck.

Ear	Flicking One	or	both	ears	move	rapidly	forward	and	backward.	Count	individual	instances

Shake* The	horse	rapidly	rotates	its	head,	neck,	and	upper	body	along	the	long	axis	while	standing	with	
feet	firmly	planted

Head	Shake The	horse	rapidly	rotates	its	head	and/or	neck	along	the	long	axis

Head	Tossing The	horse	rapidly	flicks	head	forward	and	up	and	back	down

Stereotypic	Head	Shaking,	Bobbing,	
Tossing,	or	Nodding

Repeated,	rhythmic	head	movements

Stomping The	horse	strikes	the	ground	with	a	foot

Pawing The	horse	moves	its	hoof	forward	and	brings	it	back	toward	its	body	by	scraping	the	toe	along	the	
ground	or	just	above	the	ground.	Count	individual	instances

Kick One	or	both	hind	legs	lift	off	the	ground	and	rapidly	extend	backward	toward	the	handler	or	
other	stimulus	or	object

Kick	threat The	hind	leg(s)	lifts	slightly	off	the	ground	and	under	the	body	in	tense	“readiness”.	May	be	
followed	by	backward	extension	of	the	leg(s)

Rear The	horse	raises	its	forelegs	into	the	air	and	supports	its	body	in	the	hind	limbs

Tail	Swish The	tail	moves	rapidly	in	a	back	and	forth	or	wringing	motion.	Count	individual	instances

Defecation The	horse	expels	feces

Urination The	horse	expels	urine

Freezing The	horse	becomes	suddenly	immobile	and	focuses	its	gaze	and	orients	its	ears	toward	a	stimulus

Shying The	horse	performs	a	sudden	sideways	leap	or	veers	to	avoid	novel	or	fear-	provoking	stimulus

Spinning* The	horse	suddenly	changes	direction

Baulk The	horse	stops	forward	or	backward	motion	before	the	handler	cues	it	to	do	so	and	resists	or	
ignores	cues	to	resume	movement

Rushing* The	horse	not	responding	to	the	cues	to	slow

Pulling The	horse	is	resistant	to	pressure	applied	to	the	lead	and	pulls	against	the	lead	and	shows	no	
deacceleration

Barging* The	horse	moves	sideways	toward	the	handler.	May	result	in	the	handler	changing	course	or	
being	displaced	by	the	horse

Note: Behaviors	marked	with	an	asterisk	were	absent	in	all	horses	across	all	conditions.	Italicized	behaviors	could	only	occur	as	a	result	of	human–	horse	
interactions	and	thus,	were	only	assessed	during	the	sham	clipping	(CLIP)	and	novel	object	(NOV)	conditions.
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protein	 were	 analyzed	 using	 a	 mixed	 model,	 repeated	
measures	ANOVA	with	fixed	effects	of	treatment,	time	
point,	 treatment	 by	 time	 point	 interaction,	 and	 pe-
riod	 and	 a	 random	 effect	 of	 horse	 (SAS	 9.4,	 Cary,	 NC,	
USA).	Statistically	different	means	were	separated	using	
Tukey's	method.	Significance	was	set	at	p < 0.05.

3 	 | 	 RESULTS

3.1	 |	 sEMG

3.1.1	 |	 Masseter

Log	 ARV	 in	 the	 masseter	 was	 significantly	 affected	 by	
treatment	(p < 0.0001)	and	time	point	(p = 0.0073),	but	
not	side	(p = 0.727).	ISO	(0.2 + 1.3%,	mean	+	SD)	and	
CLIP	(1.5 + 1.5%)	elicited	greater	(p < 0.001)	masseter	
log	ARV	than	CON	(−1.2	+1.4%).	The	masseter	log	ARV	
was	greater	(p = 0.0049)	 in	the	 initial	30 s	(0.2	+1.6%)	
when	compared	to	the	final	30 s	(−0.3 + 1.7%).	The	in-
teraction	of	treatment	and	time	(p = 0.4624)	and	treat-
ment	 and	 side	 (p  =  0.9715)	 had	 no	 effect	 on	 log	 ARV	
in	the	masseter,	whereas	the	time	point	by	side	interac-
tion	did	have	an	effect	(p = 0.0205).	Log	ARV	in	the	left	
masseter	during	the	initial	30 s	(0.3 + 1.8%)	was	greater	
(p = 0.0158	&	0.0018)	than	log	ARV	observed	during	the	
middle	(−0.6 + 1.6%)	or	final	(−0.6 + 1.7%)	30 s	in	the	
same	muscle	(Table	2).

There	was	a	significant	effect	of	treatment	(p < 0.0001),	
but	not	time	(p = 0.8167)	or	side	(p = 0.5842)	on	log	MF	in	
the	masseter.	ISO	(3.1 + 0.4 Hz)	and	NOV	(3.3 + 0.6 Hz)	
resulted	in	lower	log	MF	(p < 0.0001	&	p = 0.0427)	in	the	
masseter,	whereas	CLIP	(4.1 + 0.2 Hz)	resulted	in	higher	
log	MF	(p < 0.0001)	than	CON	(3.6 + 0.8 Hz).	The	time	
by	side	 (p = 0.2582)	and	 treatment	by	side	 (p = 0.9250)	
interactions	had	no	effect	on	log	MF	in	the	masseter.	The	
treatment	by	time	interaction	(p = 0.0065)	influenced	log	
MF	in	the	masseter.	The	middle	30 s	of	ISO	(3.0 + 0.3 Hz)	
resulted	in	lower	(p = 0.0064)	log	MF	than	the	initial	30 s	
of	 CON	 (3.7  +  0.7  Hz)	 (Table	 2).	 The	 final	 30  s	 of	 ISO	
(3.0 + 0.2 Hz)	resulted	in	lower	(p = 0.0283)	MF	than	the	
initial	(3.7 + 0.7 Hz)	or	middle	(3.6 + 0.9 Hz)	30 s	of	CON.	
Log	MF	in	the	initial	30 s	of	NOV	(3.0 + 0.2 Hz)	was	lower	
(p = 0.0187	&	0.0069)	than	log	MF	in	the	final	30 s	of	NOV	
(3.7 + 0.8 Hz)	and	the	initial	30 s	of	CON	(3.7 + 0.7 Hz).	
The	middle	 (4.1 + 0.0 Hz)	and	final	 (4.1 + 0.2 Hz)	30 s	
of	CLIP	resulted	in	greater	(p = 0.0218;	0.0027;	0.0287;	&	
0.0037)	 log	MF	than	either	the	middle	(3.6 + 0.9 Hz)	or	
final	30 s	of	CON	(3.4 + 0.7 Hz).	The	initial	30 s	of	CLIP	
(3.7 + 0.7 Hz)	also	resulted	in	greater	(p = 0.0142)	log	MF	
than	the	final	30 s	of	CON	(3.4 + 0.7 Hz).

T A B L E  2 	 Log	average	rectified	value	(ARV)	and	median	
frequency	(MF)	in	the	left	and	right	masseter	during	the	initial	
(0–	30 s),	middle	(75–	105 s),	and	final	(150–	180 s)	30 s	of	the	
3-	min	control	(CON),	social	isolation	(ISO),	novel	object	
(NOV),	and	sham	clipping	(CLIP)	treatments	(n = 8,	4 males,	
4 females)

Masseter

Log ARV (%) Log MF (Hz)

Mean SD Mean SD

Left

CON

Initial 0.96 1.25 57.3 45.2

Middle 0.66 1.15 65.36 62.52

Final 0.37 0.4 32.27 22.55

ISO

Initial 3.93 4.53 39.77 33.7

Middle 1.68 2.36 21.81 8.71

Final 1.31 1.04 19.56 4.74

NOV

Initial 0.72 0.6 20.72 6.6

Middle 0.54 0.58 35.13 28.11

Final 0.46 0.56 49.47 40.54

CLIP

Initial 16.26 15.6 59.99 0.03

Middle 5.51 6.47 59.96 0.08

Final 6.79 7.79 59.47 14.65

Right

CON

Initial 1.59 2.85 46.94 34.86

Middle 0.87 1.24 38.93 34.24

Final 0.58 0.86 51.82 52.66

ISO

Initial 4.27 4.13 23.53 6.67

Middle 2.34 2.55 22.16 5.38

Final 1.5 0.79 21.69 4.84

NOV

Initial 0.89 0.71 21.91 5.06

Middle 0.83 0.75 28.75 14.91

Final 0.57 0.55 55.34 51.08

CLIP

Initial 3.41 3.5 52.84 14.63

Middle 14.56 16.17 59.98 0.03

Final 26.92 59.35 60.37 1.12

Note: ARV	values	are	expressed	as	a	percentage	of	the	peak	amplitude	
observed	during	social	isolation.	Data	were	analyzed	with	a	repeated	
measures,	mixed	model	ANOVA.	Main	effects	of	treatment	(p < 0.0001)	
were	observed	in	the	log	ARV	and	MF	data.	A	main	effect	of	time	
(p = 0.0073)	was	observed	in	the	log	ARV	data.
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3.1.2	 |	 Brachiocephalas

Log	ARV	in	the	brachiocephalas	was	significantly	affected	
by	 treatment	 (p = 0.0007),	but	not	 time	 (p = 0.1314)	or	
side	 (p  =  0.5943).	 CLIP	 (2.2  +  2.0%)	 elicited	 greater	
(p = 0.0005)	log	ARV	than	CON	(0.1 + 1.5%).	The	inter-
action	 of	 treatment	 by	 time	 (p  =  0.1864)	 and	 treatment	
by	side	(p = 0.7084)	had	no	effect	on	log	ARV	in	the	bra-
chiocephalas,	 whereas	 the	 time	 by	 side	 interaction	 was	
significant	 (p  =  0.0065).	 In	 the	 left	 brachiocephalas,	 log	
ARV	during	the	initial	30 s	period	(1.2 + 1.7%)	was	greater	
(p = 0.0041)	than	log	ARV	during	the	final	30 s	(0.8	1.7%)	
(Table	3).

Treatment	(p = 0.0011)	had	a	significant	effect	on	log	
MF	in	the	brachiocephalas,	whereas	time	(p = 0.5082)	and	
side	(p = 0.3391)	did	not.	ISO	(3.5 + 0.6 Hz)	elicited	lower	
(p = 0.0015)	log	MF	than	CON	(4.0 + 0.6 Hz).	The	time	
by	side	 (p = 0.6660)	and	 treatment	by	side	 (p = 0.5584)	
interactions	were	non-	significant.	The	treatment	by	time	
interaction	(p = 0.0010)	had	a	significant	effect	on	log	MF	
in	the	brachiocephalas.	Greater	log	MF	(p = 0.0230)	was	
recorded	in	the	middle	30 s	of	CON	(4.0 + 0.7 Hz)	than	
the	middle	30 s	of	ISO	(3.4 + 0.6 Hz)	(Table	3).	Similarly,	
greater	log	MF	(p = 0.0442	&	0.0084)	was	recorded	in	the	
brachiocephalas	during	the	initial	(3.4 + 0.6 Hz)	and	mid-
dle	30 s	(4.0 + 0.7 Hz)	of	CON	than	the	final	30 s	of	ISO	
(3.3 + 0.6 Hz).	Log	MF	in	the	brachiocephalas	 increased	
(p = 0.0027)	during	NOV	from	3.3 log	Hz	(SD	0.6)	during	
the	initial	30 s	to	3.9 log	Hz	(SD	0.6)	during	the	final	30 s.	
Log	MF	during	the	initial	30 s	of	NOV	(3.3 + 0.64 Hz)	was	
also	 lower	 (p  =  0.0131)	 than	 log	 MF	 during	 the	 middle	
30 s	of	CON	(4.0 + 0.7 Hz).

3.1.3	 |	 Cervical	trapezius

Log	 ARV	 in	 the	 cervical trapezius	 was	 affected	 by	 treat-
ment	(p < 0.0001),	but	not	by	time	(p = 0.1351),	or	side	
(p  =  0.0771),	 or	 the	 interactions	 of	 treatment	 by	 time	
(p = 0.1245),	time	by	side	(p = 0.8625),	and	treatment	by	
side	(p = 0.9522).	Log	ARV	in	the	cervical trapezius	was	
lower	(p < 0.0001	&	=0.0258)	during	CON	(−1.0 + 1.7%)	
then	ISO	(0.6 + 1.3%)	or	NOV	(−0.2 + 1.3%]	(Table	4).

Significant	effects	of	treatment	(p = 0.0038)	and	time	
(p = 0.0007)	were	observed	in	log	MF	of	the	cervical trape-
zius,	but	no	effect	of	side	(p = 0.8558)	was	observed.	Log	
MF	during	CON	(3.6 + 0.8 Hz)	was	greater	(p = 0.0106)	
than	log	MF	during	ISO	(3.1 + 0.3 Hz)	in	the	cervical tra-
pezius.	Log	MF	during	 the	 final	30 s	 (3.6 + 0.7 Hz)	was	
greater	(p = 0.0026	&	0.0283)	than	the	initial	(3.3 + 0.7 Hz)	
and	middle	(3.4 + 0.7 Hz)	30 s.	The	interactions	of	time	

T A B L E  3 	 Log	average	rectified	value	(ARV)	and	median	
frequency	(MF)	in	the	left	and	right	brachiocephalas	during	the	
initial	(0–	30 s),	middle	(75–	105 s),	and	final	(150–	180 s)	30 s	of	
the	3-	min	control	(CON),	social	isolation	(ISO),	novel	object	
(NOV),	and	sham	clipping	(CLIP)	treatments	(n = 8,	4 males,	
4 females)

Brachiocephalas

Log ARV (%) Log MF (Hz)

Mean SD Mean SD

Left

CON

Initial 2.84 3.16 69.73 47.83

Middle 3.48 4.38 89.52 56.66

Final 2.63 3.19 70.25 44.53

ISO

Initial 4.89 4.34 55.73 51.06

Middle 2.88 2.62 38.4 29.34

Final 3.08 3.02 33.36 28.39

NOV

Initial 4.01 4.52 34.57 24.55

Middle 3.44 5.54 62.45 47.61

Final 3.12 5.33 64.37 55.92

CLIP

Initial 58.53 92.28 70.53 34.01

Middle 64.63 151.56 75.05 42.58

Final 65.22 158.16 74.35 53.49

Right

CON

Initial 2.57 3.37 54.98 22.93

Middle 2.27 2.87 49.96 23.11

Final 2.13 2.56 49.01 24.78

ISO

Initial 4.65 4.03 41.75 17.09

Middle 3.68 2.61 31.89 11.64

Final 4.05 3.72 35.17 21.79

NOV

Initial 8.13 11.29 34.41 21.98

Middle 4.43 4.12 53.13 23.02

Final 5.05 5.35 60.52 30.58

CLIP

Initial 9.18 10.72 57.62 5.48

Middle 47.34 81.13 58.6 3.92

Final 35.23 57.73 59.41 1.6

Note: ARV	values	are	expressed	as	a	percentage	of	the	peak	amplitude	
observed	during	social	isolation.	Data	were	analyzed	with	a	repeated	
measures,	mixed	model	ANOVA.	A	main	effect	of	treatment	(p = 0.0007;	
0.0011)	was	observed	in	the	log	ARV	and	MF	data.
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by	side	 (p = 0.1803)	and	 treatment	by	side	 (p = 0.6169)	
were	non-	significant,	whereas	 the	effect	of	 treatment	by	
time	(p < 0.0001)	had	a	significant	effect	on	log	MF	in	the	
cervical trapezius.	The	middle	30 s	of	ISO	(3.0 + 0.2 Hz)	
elicited	 lower	(p = 0.0144)	 log	MF	than	the	middle	30 s	
of	CON	(3.7 + 0.8 Hz)	 (Table	4).	The	 final	30 s	of	NOV	
(3.7 + 0.8 Hz)	elicited	greater	(p = 0.0145	&	0.0025)	 log	
MF	than	the	initial	(3.2 + 0.7 Hz)	or	middle	(3.1 + 0.7 Hz)	
30  s	 of	 NOV.	 Log	 MF	 in	 the	 cervical trapezius	 increased	
(p = 0.0006)	from	the	initial	30 s	(3.4 + 0.7 Hz)	to	the	final	
30 s	(4.0 + 0.5 Hz)	during	CLIP.

3.1.4	 |	 Longissimus	dorsi

Log	ARV	in	the	longissimus dorsi	was	unaffected	by	treat-
ment	(p = 0.1271),	 time	(p = 0.4254),	side	(p = 0.5630),	
and	 the	 interactions	 of	 treatment	 by	 time	 (p  =  0.0778),	
time	 by	 side	 (p	 =	 0.6933),	 and	 treatment	 by	 side	 (p	 =	
0.9091)	(Table	5).

Log	MF	in	the	longissimus dorsi	was	affected	by	treat-
ment	 (p  =  0.0001),	 whereas	 time	 (p  =  0.1865)	 and	 side	
(p = 0.3812)	had	no	effect.	Log	MF	was	greater	(p = 0.0068)	
during	CON	(4.1 + 0.9 Hz)	than	during	ISO	(3.5 + 0.7 Hz).	
The	 time	 by	 side	 (p  =  0.3989)	 and	 treatment	 by	 side	
(p = 0.7435)	interactions	had	no	effect	on	log	MF	in	the	
longissimus dorsi,	whereas	the	treatment	by	time	interac-
tion	(p = 0.0385)	had	a	significant	effect.	The	final	30 s	of	
ISO	(3.5 + 0.6 Hz)	elicited	lower	(p = 0.0417)	log	MF	than	
the	middle	30 s	of	CON	(4.2 + 0.9 Hz)	(Table	5).	Log	MF	
in	 the	 longissimus dorsi	 increased	 (p = 0.0098)	 from	the	
initial	30 s	(3.6 + 0.6 Hz)	to	the	final	30 s	(4.3 + 0.7 Hz)	
during	NOV.

3.2	 |	 Behavior

The	total	number	of	stress-	related	behaviors	was	greater	
(p  =  0.0019)	 during	 ISO	 (25  +  27)	 than	 CON	 (6  +  9).	
These	 values	 also	 represent	 the	 range	 of	 the	 total	 num-
ber	of	stress-	related	behaviors	observed	(Table	6).	Raters	
obtained	a	high	degree	of	agreement	with	an	 intra-	class	
correlation	of	0.89.

3.3	 |	 Hematocrit

There	 was	 a	 main	 effect	 of	 time	 point	 on	 hematocrit	
(p = 0.0013)	with	samples	taken	at	the	end	of	the	3-	min	
periods	 being	 greater	 (34  +  4%)	 than	 samples	 taken	 at	
the	 start	 of	 the	 3-	min	 periods	 (32  +  3%).	 There	 was	 no	
main	effect	of	treatment	on	hematocrit	(p = 0.4300).	The	

T A B L E  4 	 Log	average	rectified	value	(ARV)	and	median	
frequency	(MF)	in	the	left	and	right	cervical trapezius	during	
the	initial	(0–	30 s),	middle	(75–	105 s),	and	final	(150–	180 s)	30 s	
of	the	3-	min	control	(CON),	social	isolation	(ISO),	novel	object	
(NOV),	and	sham	clipping	(CLIP)	treatments	(n = 8,	4 males,	
4 females)

Cervical trapezius

Log ARV (%) Log MF (Hz)

Mean SD Mean SD

Left

CON

Initial 1.58 3.53 40.18 36.32

Middle 1.95 4.86 56.8 50.1

Final 1.37 3.24 46.2 52.28

ISO

Initial 4.95 7.42 25.46 9.94

Middle 2.01 2.02 18.35 3.11

Final 2.79 2.82 19.37 3.69

NOV

Initial 1.31 0.98 45.1 54.15

Middle 1.18 1.27 37.54 52.35

Final 1.18 2.11 54.5 52.47

CLIP

Initial 1.02 0.93 54.26 44.58

Middle 0.83 0.93 53.94 43.82

Final 0.78 1.3 64.78 38.97

Right

CON

Initial 2.62 5.86 58.55 53.58

Middle 2.84 6.62 56.09 50.97

Final 2.83 6.69 47.78 51.91

ISO

Initial 6.84 9.85 24.82 7.16

Middle 2.75 3.03 21.59 8.06

Final 3.61 2.17 28.89 20.75

NOV

Initial 2.57 3.51 20.15 2.84

Middle 5.04 10.52 20.69 3.83

Final 1.84 2.6 54.62 49.21

CLIP

Initial 2.67 5.79 24.13 15.03

Middle 3.92 9.04 49.59 19.31

Final 3.43 7.31 55.99 11.3

Note: ARV	values	are	expressed	as	a	percentage	of	the	peak	amplitude	
observed	during	social	isolation.	Data	were	analyzed	with	a	repeated	
measures,	mixed	model	ANOVA.	A	main	effect	of	treatment	(p < 0.0001;	
=0.0038)	was	observed	in	the	log	ARV	and	MF	data.	A	main	effect	of	time	
(p = 0.0007)	was	observed	in	the	MF	data.
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interaction	 between	 treatment	 and	 time	 point	 was	 sig-
nificant	 (p  =  0.0112).	 During	 ISO,	 hematocrit	 increased	
(p = 0.0009)	from	32%	(SD	3)	at	the	start	of	the	3-	min	pe-
riod	to	37%	(SD	4)	at	the	end	of	the	3-	min	period	(Table	7).	
Hematocrits	ranged	from	31%	(SD	2)	at	the	beginning	of	
the	CLIP	period	to	37%	(SD	4)	at	the	conclusion	of	the	ISO	
period	(Table	7).

3.4	 |	 Plasma total protein

There	was	no	effect	of	treatment	(p = 0.6078),	time	point	
(p  =  0.9162),	 or	 treatment	 by	 time	 point	 interaction	

T A B L E  5 	 Log	average	rectified	value	(ARV)	and	median	
frequency	(MF)	in	the	left	and	right	longissimus dorsi	during	
the	initial	(0–	30 s),	middle	(75–	105 s),	and	final	(150–	180 s)	30 s	
of	the	3-	min	control	(CON),	social	isolation	(ISO),	novel	object	
(NOV),	and	sham	clipping	(CLIP)	treatments	(n = 8,	4 males,	
4 females)

Longissimus dorsi

Log ARV (%) Log MF (Hz)

Mean SD Mean SD

Left

CON

Initial 7.59 10.56 81.98 61.55

Middle 7.88 8.94 84.18 61.14

Final 7.47 9.51 66.05 53.18

ISO

Initial 11.33 13.73 57.56 53.98

Middle 10.55 15.95 43.08 32.94

Final 11.71 15.54 35.21 20.68

NOV

Initial 18.41 28.05 44.96 20.84

Middle 16.51 26.54 85.63 61.1

Final 18.23 29.62 82.11 64.52

CLIP

Initial 20.3 31.2 92.27 74.17

Middle 19.22 27.88 113.87 67.89

Final 18.43 27.13 120.51 74.75

Right

CON

Initial 6.09 8.37 84.45 68.41

Middle 6.45 8.44 113.88 72.08

Final 6.18 8.41 88.82 62.93

ISO

Initial 8.66 10.9 42.97 33.5

Middle 7.77 12.82 47.69 35.8

Final 8.32 11.43 45.76 50.6

NOV

Initial 10.52 11.39 35.65 20.61

Middle 10.1 8.96 67.38 44.71

Final 9.96 9.06 100.6 48.55

CLIP

Initial 9.67 9.99 139.4 56.95

Middle 10.22 9.45 102.91 49.96

Final 9.15 8.03 132.05 58.9

Note: ARV	values	are	expressed	as	a	percentage	of	the	peak	amplitude	
observed	during	social	isolation.	Data	were	analyzed	with	a	repeated	
measures,	mixed	model	ANOVA.	A	main	effect	of	treatment	(p	=	0.0001)	
was	observed	in	the	log	MF	data.

T A B L E  6 	 Total	number	of	stress-	related	behaviors	displayed	
during	control	(CON),	social	isolation	(ISO),	novel	object	(NOV),	
and	sham	clipping	(CLIP)	(n = 8 horses;	4 mares,	4 geldings)

CON ISO NOV CLIP

Stress-	related	
behaviors	
[mean	(SD)]

6	(9) 25	(27)a 11	(11) 7	(5)

Note: Data	were	analyzed	with	a	negative	binomial	distribution	mixed	model	
ANOVA	with	a	Tukey's	post hoc	adjustment	and	significance	set	at	p < 0.05.
aDiffers	significantly	from	CON	(p = 0.0019).

T A B L E  7 	 Hematocrit	(%)	at	the	beginning	(pre)	and	end	(post)	
of	control	(CON),	social	isolation	(ISO),	novel	object	(NOV),	and	
sham	clipping	(CLIP)	periods	(n = 8 horses;	4 mares,	4 geldings)

Hematocrit (%)

Mean SD p- value

CON

Pre 32 5

Post 32 3 0.7368

ISO

Pre 32 3

Post 37 4 0.0009

NOV

Pre 32 3

Post 32 5 0.3257

CLIP

Pre 31 2

Post 33 4 0.8325

Note: Data	were	analyzed	with	a	repeated	measures,	mixed	model	ANOVA	
with	a	Tukey's	post hoc	adjustment	and	significance	set	at	p < 0.05.	p	values	
represent	comparisons	between	pre-		and	post-	measurements	within	a	
treatment.	Hematocrit	(%)	was	elevated	in	the	post-	measurement	following	
ISO	as	compared	to	the	pre-	measurement.	The	bolded	value	indicates	a	
significant	(p	<	0.05)	for	the	comparison	between	pre-		and	post-	time	points	
within	a	treatment.
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(p = 0.7718)	on	plasma	total	protein.	Plasma	total	protein	
ranged	 from	6.18 g/dL	 (SD	0.53)	at	 the	end	of	 the	CLIP	
period	to	6.53 g/dL	(SD	0.27)	at	the	end	of	the	ISO	period	
(Table	8).

3.5	 |	 Cortisol

Treatment	(p = 0.6665),	time	point	(p = 0.5477),	and	the	
treatment	by	time	interaction	(p = 0.2280)	had	no	effect	
on	 plasma	 cortisol	 concentrations.	 Cortisol	 concentra-
tions	ranged	from	2.75 µg/dl	 (SD	0.93)	at	 the	end	of	 the	
CLIP	period	to	3.04 µg/dl	(SD	1.19)	at	the	end	of	the	ISO	
period	(Table	9).

4 	 | 	 DISCUSSION

The	hypothesis	was	partially	supported	by	the	results	as	
significant	 alterations	 in	 muscle	 activity,	 behavior,	 and	
hematocrit	 were	 observed	 under	 conditions	 of	 acute	
stress,	but	no	change	in	plasma	cortisol	was	observed.

The	higher	ARV	observed	in	the	masseter	during	sham	
clipping	 and	 social	 isolation	 as	 well	 as	 the	 brachioceph-
alas	during	sham	clipping	 indicate	greater	muscle	activ-
ity	in	these	muscles.	Greater	ARV	and	other	measures	of	
EMG	 signal	 amplitude	 are	 associated	 with	 greater	 force	
production	during	 isometric	contractions	by	the	muscle,	
thus	making	such	measures	commonly	used	estimates	of	
muscle	 force	production	 (Cheung	et	al.,	1998;	Lawrence	
&	 De	 Luca,	 1983).	 The	 relationship	 between	 signal	 am-
plitude	 and	 force	 generation	 is	 not	 always	 as	 straight-
forward	as	 this	as	 it	 is	 influenced	by	a	variety	of	 factors	
(DeLuca,	1997).	Despite	these	limitations,	the	interpreta-
tion	of	greater	ARV	in	the	masseter	during	sham	clipping	
and	social	isolation	and	the	brachiocephalas	during	sham	
clipping	 as	 muscular	 tension	 or	 increased	 muscle	 activ-
ity	 seems	 warranted	 and	 similar	 to	 conclusions	 reached	
by	other	researchers	when	interpreting	measures	of	EMG	
amplitude	 obtained	 during	 dynamic	 movements	 (Crook	
et	al.,	2010;	Kienapfel,	2015;	Robert	et	al.,	2010;	Zsoldos	
et	al.,	2010)	The	preponderance	of	literature	pertaining	to	
EMG	in	horses	has	been	undertaken	during	locomotion,	
which	 elicits	 primarily	 anisometric,	 dynamic	 contrac-
tions	rather	than	the	isometric,	static	contractions	needed	
for	 the	most	 robust	 interpretation	of	 results	 (Valentin	&	
Zsoldos,	2016;	Williams,	2018).	The	current	study	suffers	
from	the	same	limitation	and	this	should	be	borne	in	mind	
when	interpreting	the	EMG	results	obtained.	Horses	en-
gaged	 in	 little	 locomotory	activity	during	 the	sham	clip-
ping	and	novel	object	exposure	making	it	unlikely	that	the	
changes	in	ARV	in	the	masseter	and	brachiocephalas	stem	
from	increased	locomotion	or	increased	movement	in	the	
area	of	 interest.	The	 increase	 in	ARV	in	 the	cervical tra-
pezius	 during	 social	 isolation	 and	 novel	 object	 exposure	
must	be	 interpreted	with	greater	care	as	horses	engaged	
in	 more	 locomotion	 during	 these	 conditions,	 based	 on	
the	behavioral	measures	and	observation	of	the	recorded	
video	 footage.	 The	 cervical trapezius	 is	 active	 during	

T A B L E  8 	 Plasma	total	protein	(g/dl)	at	the	beginning	(pre)	
and	end	(post)	of	control	(CON),	social	isolation	(ISO),	novel	object	
(NOV),	and	sham	clipping	(CLIP)	periods	(n = 8 horses;	4 mares,	
4 geldings)

Plasma total protein (g/dl)

Mean SD

CON

Pre 6.40 0.27

Post 6.38 0.32

ISO

Pre 6.36 0.24

Post 6.53 0.29

NOV

Pre 6.40 0.29

Post 6.39 0.20

CLIP

Pre 6.33 0.25

Post 6.18 0.53

Note: Data	were	analyzed	with	a	repeated	measures,	mixed	model	ANOVA	
with	a	Tukey's	post hoc	adjustment	and	significance	set	at	p < 0.05.	No	
significant	differences	are	present.

T A B L E  9 	 Cortisol	concentration	(µg/dl)	at	the	beginning	(pre)	
and	end	(post)	of	control	(CON),	social	isolation	(ISO),	novel	object	
(NOV),	and	sham	clipping	(CLIP)	periods	(n = 8 horses;	4 mares,	
4 geldings)

Cortisol (µg/dl)

Mean SD

CON

Pre 2.91 0.77

Post 3.01 0.71

ISO

Pre 2.86 1.02

Post 3.04 1.19

NOV

PRE 3.00 0.74

post 2.93 0.55

CLIP

Pre 2.82 0.86

Post 2.75 0.93

Note: Data	were	analyzed	with	a	repeated	measures,	mixed	model	ANOVA	
with	a	Tukey's	post hoc	adjustment	and	significance	set	at	p < 0.05.	No	
significant	differences	are	present.
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locomotion	in	the	horse	(Robert	et	al.,	1998).	The	higher	
ARV	in	the	cervical trapezius	observed	during	social	isola-
tion	and	novel	object	exposure	may	reflect	the	increased	
locomotion	 rather	 than	 muscular	 tension.	 The	 absence	
of	changes	 in	ARV	 in	 the	 longissimus dorsi	 is	 surprising	
given	the	changes	found	by	Lesimple	et	al.	(2012)	in	the	
resting	 amplitude	 of	 spinal	 muscles	 in	 different	 popula-
tions	of	horses.	The	changes	observed	in	the	study	were	
taken	to	reflect	the	welfare	status	of	the	horse	and	as	such	
may	represent	consequences	of	chronic	rather	than	acute	
stress	(Lesimple	et	al.,	2012).	The	acute	stress	(3-	min	dura-
tion)	used	in	the	current	study	may	have	been	insufficient	
to	elicit	changes	 in	 the	muscular	activity	and	 tension	 in	
the	longissimus dorsi.	Postural	affects	could	also	come	into	
play	as	horses	in	the	current	study	were	free	to	move	the	
position	of	the	head	and	neck,	thus,	also	allowing	freedom	
of	movement	through	the	spine	and	back.	Further	explo-
ration	of	the	differences	in	muscular	responses	elicited	by	
acute	and	chronic	stress	could	be	of	interest.

The	untransformed	ARV	values	recorded	in	this	study	
were	less	than	ten	percent	in	most	conditions.	These	val-
ues	are	lower	than	those	typically	reported	in	the	literature	
(St.	 George	 et	 al.,	 2018).	 These	 studies,	 however,	 report	
values	during	locomotion	which	are	expected	to	be	higher	
as	greater	muscle	activation	would	be	needed	during	loco-
motion	than	rest.	The	data	collected	in	the	current	study	
also	 had	 a	 high	 level	 of	 variability	 despite	 adherence	 to	
recommended	best	practices	in	data	processing	which	has	
been	shown	to	decrease	variability	and	improve	sensitivity	
of	analysis	(St.	George	et	al.,	2019).	High	variance	within	
and	between	subjects	is	common	in	EMG	data	(Williams,	
2018).	The	recommendation	of	testing	within	subjects	and	
across	a	single	day	for	each	horse	was	adhered	to	 in	the	
current	study	(Williams,	2018).	Removal	of	all	hair	from	
the	EMG	electrode	attachment	was	impossible;	however,	
hair	 was	 clipped	 as	 short	 as	 possible,	 and	 attachment	
sites	were	scrubbed	before	electrode	attachment.	Further	
steps	 (repeated	 scrubbing	 or	 further	 hair	 removal)	 were	
taken	prior	to	data	collection	if	an	unacceptable	 level	of	
impedance	was	observed	making	it	unlikely	the	electrode	
preparation	 and	 attachment	 imposed	 limitations	 in	 the	
current	study.	Another	of	these	recommendations	for	best	
practice	 is	 to	 normalize	 the	 recorded	 amplitudes	 to	 the	
maximum	value	for	that	individual	as	raw	amplitude	can	
be	highly	variable	and	is	influenced	by	the	muscle	under	
consideration,	 the	 individual,	 and	 the	 electrode	 place-
ment	(St.	George	et	al.,	2019;	Valentin	&	Zsoldos,	2016).	
The	gold	standard	for	normalization	is	a	maximal	volun-
tary	 contraction,	 where	 maximum	 contraction	 is	 volun-
tarily	sustained	over	a	period	of	time.	Maximal	voluntary	
contraction	 is	 impossible	 to	achieve	 in	 the	horse,	 so	 the	
recommendation	 is	 normalization	 to	 the	 peak	 contrac-
tion	obtained	during	the	movement	(Valentin	&	Zsoldos,	

2016).	Conditions	 in	 the	current	 study	made	determina-
tion	of	a	normalization	standard	difficult	as	there	was	not	
one	movement	or	locomotory	pattern	under	study.	If	this	
method	of	assessing	stress	is	used	in	the	future,	we	would	
recommend	 choosing	 a	 set	 of	 movements	 or	 behaviors	
likely	to	elicit	muscular	contraction	in	the	muscles	of	in-
terest	 for	use	 in	normalizing	collected	data.	Such	an	ap-
proach	would	be	likely	to	reduce	variability	in	the	data.

Social	 isolation	 consistently	 resulted	 in	 lower	 MF	
across	 all	 four	 of	 the	 muscles	 of	 interest.	 The	 most	 fre-
quent	interpretation	of	 lowered	MF	is	as	an	indicator	of	
muscular	fatigue	(Colborne	et	al.,	2001;	Williams,	2018).	
While	this	interpretation	is	most	correctly	applied	during	
isometric	 muscle	 contraction,	 it	 has	 also	 been	 applied	
to	 dynamic	 movement	 patterns,	 especially	 in	 the	 horse	
(Cheung	et	al.,	1998;	Colborne	et	al.,	2001;	Williams	et	al.,	
2013).	 Fatigue	 as	 an	 explanation	 for	 the	 lower	 MF	 ob-
served	 during	 social	 isolation	 is	 possible	 given	 the	 high	
level	 of	 activity	 observed,	 but	 may	 not	 be	 of	 physiologi-
cal	 significance	 and	 is	 unlikely	 given	 the	 short	 duration	
of	the	stressor.	This	interpretation	could	also	be	applied	to	
the	lower	MF	recorded	in	the	masseter	during	novel	object	
exposure,	but	the	same	concerns	as	noted	above	are	pres-
ent.	The	increase	in	MF	recorded	in	the	masseter	during	
sham	clipping	does	not	fit	this	pattern.	Increases	in	signal	
frequency	 have	 been	 observed	 with	 increased	 force	 pro-
duction	(Doheny	et	al.,	2008).	Thus,	a	greater	 force	may	
have	been	produced	by	the	masseter	during	sham	clipping	
as	 evidenced	 by	 increased	 ARV	 and	 MF.	The	 pattern	 of	
muscle	 activation	 may	 also	 play	 a	 role	 in	 the	 differing	
responses	seen	in	ARV	and	MF	over	the	four	conditions	
and	four	muscles	as	visual	inspection	of	the	EMG	trace	re-
vealed	sustained	muscle	activation	in	the	masseter	during	
sham	clipping	and	internment	activation	in	other	condi-
tions	and	muscles.	Similarly	 to	 the	untransformed	ARV,	
untransformed	 MF	 values	 were	 often	 lower	 than	 those	
reported	in	the	literature	(Colborne	et	al.,	2001;	Williams	
et	al.,	2013).	The	upper	range	reported	in	the	current	study	
is	 similar	 to	 values	 reported	 in	 the	 literature	 and	 thus,	
lower	values	are	 likely	 reflective	of	 the	differing	context	
since	locomotion	was	not	the	primary	focus	of	this	study	
(Colborne	et	al.,	2001).	Research	has	also	suggested	that	
muscle	 fiber	 type	 and	 size	 can	 affect	 median	 frequency	
indicating	 comparison	 of	 values	 from	 different	 muscles	
should	 be	 undertaken	 with	 caution	 (Kupa	 et	 al.,	 1995).	
MF	results	should	also	be	interpreted	with	great	caution	
in	the	present	study	given	the	lack	of	standardization	in	
locomotion	across	the	testing	conditions.

The	 statistically	 significant	 increase	 in	 stress-	related	
behaviors	during	social	isolation	was	expected	as	similar	
responses	 have	 been	 reported	 in	 other	 studies	 (Lansade	
et	al.,	2008a).	The	lack	of	a	statistically	significant	increase	
in	 stress-	related	 behaviors	 during	 novel	 object	 exposure	
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and	 sham	 clipping	 was	 unexpected.	 This	 result	 can	 be	
attributed	in	part	to	the	presence	of	a	human	handler	in	
these	two	conditions	as	this	could	be	construed	to	restrict	
behavioral	stress	responses	in	the	horse.	If	this	study	was	
repeated	 or	 a	 similar	 study	 was	 undertaken,	 behavioral	
expression	 and	 locomotory	 activity	 should	 be	 restricted	
equally	 across	 all	 conditions.	The	 presence	 of	 a	 handler	
and	 conspecifics	 should	 also	 be	 considered	 and	 kept	 as	
consistent	as	possible	across	testing	contexts	or	accounted	
for	 in	 data	 analysis.	Variability	 in	 the	 number	 of	 stress-	
related	behaviors	displayed	was	high	across	all	conditions.	
This	 variability	 is	 unsurprising	 given	 that	 personality	
traits	such	as	anxiousness,	sociability,	and	aggressiveness	
are	 associated	 with	 behavioral	 reactions	 during	 stressful	
situations	(Ijichi	et	al.,	2013;	Peeters	et	al.,	2012).	Studies	
assessing	stress	in	horses	should	attempt	to	control	or	ac-
count	for	this	variation	between	individuals,	especially	if	
behavior	 is	used	as	an	 indicator	of	 stress.	The	use	of	an	
array	of	measures	can	also	help	circumvent	 the	 issue	of	
variation	between	individuals.

The	 lack	 of	 a	 cortisol	 response	 to	 the	 acute	 stressors	
applied	in	this	study	likely	arises	from	the	short	duration	
of	the	stress	(3 min	per	stressor)	and	the	sampling	time-
line	 used.	 Cortisol	 peaks	 30  min	 after	 a	 perturbation	 to	
the	bodily	system,	such	as	exercise	(McKeever	et	al.,	2014).	
The	values	reported	in	this	study	are	comparable	to	other	
values	reported	for	horses	at	rest	during	the	nadir	of	cor-
tisol	 secretion	 (Johnson	 &	 Malinowski,	 1986).	 Cortisol	
secretion	 follows	 a	 circadian	 rhythm	 with	 concentra-
tions	peaking	in	the	early	morning	(Cordero	et	al.,	2012;	
Johnson	 &	 Malinowski,	 1986).	The	 study	 times	 used	 al-
lowed	 for	 sampling	 when	 cortisol	 concentrations	 would	
be	 low,	 and	 increases	 were	 more	 likely	 to	 be	 detectable	
(Brandenberger	et	al.,	1982;	Dickstein	et	al.,	1991).

Increases	 in	 total	plasma	protein	are	 typically	associ-
ated	with	fluid	shifts	in	the	body	that	occur	during	activ-
ities	such	as	exercise	(McKeever	et	al.,	1993).	The	lack	of	
statistically	significant	changes	in	total	plasma	protein	in-
dicates	 that	 removal	of	access	 to	water	during	 the	study	
had	little	effect	on	fluid	balance	in	the	horses.	Thus,	there	
is	no	need	to	account	for	possible	fluid	shifts	when	con-
sidering	 plasma	 cortisol	 concentrations.	 The	 values	 for	
total	plasma	protein	reported	in	the	present	study	are	well	
within	 the	ranges	 reported	 in	previous	studies	of	horses	
(Stewart	et	al.,	1977).

Hematocrit	values	reported	in	this	study	fall	within	the	
lower	range	of	hematocrit	values	reported	in	the	literature	
for	horses	at	rest	which	is	likely	a	reflection	of	the	horses’	
low	 fitness	 level	and	high	degree	of	 familiarity	with	 the	
study	procedures	and	facilities	(Rose	&	Allen,	1985).	The	
increase	in	hematocrit	during	social	isolation	is	indicative	
of	activation	of	the	SAM	axis	with	the	release	of	catechol-
amines	and	subsequent	splenic	contraction.	Mobilization	

of	red	blood	cells	from	the	spleen	occurs	within	30	to	60 s	
of	 stimulation	 meaning	 an	 increase	 would	 be	 expected	
to	occur	within	 the	3 min	 time	 frame	used	 in	 the	 study	
(Persson	 &	 Lydin,	 1973).	While	 the	 increase	 in	 hemato-
crit	reported	in	this	study	(5%)	is	lower	than	increases	ob-
served	 during	 exercise,	 the	 change	 is	 comparable	 to	 the	
difference	 reported	 by	 Stewart	 et	 al.	 (1977)	 between	 ex-
cited	and	placid	timid,	or	apprehensive	horses	(McGowan	
&	Hodgson,	2014).

Taken	together,	the	results	obtained	in	this	study	indi-
cate	an	inconsistent	response	to	potential	stressors	as	so-
cial	isolation	elicited	changes	in	hematocrit	and	behavior,	
whereas	sham	clipping	elicited	changes	 in	surface	EMG	
measures	 and	 novel	 object	 exposure	 elicited	 very	 few	
changes.	Even	though	these	conditions	were	carefully	se-
lected	 based	 on	 their	 use	 in	 eliciting	 stress	 responses	 in	
previous	studies,	it	is	possible	they	were	insufficient	in	the	
current	context	to	 induce	the	desired	response.	The	lack	
of	 changes	 in	 behavior,	 hematocrit,	 and	 cortisol	 during	
sham	clipping	and	novel	object	exposure	do	not	rule	out	
the	possibility	of	horses	experiencing	distress	during	these	
procedures.	 In	 fact,	 these	 results	 may	 point	 toward	 the	
need	for	more	ways	of	measuring	and	evaluating	stress	in	
horses.	Changes	in	muscle	activity	measured	via	sEMG	in	
the	current	study	alone	are	 insufficient	evidence	to	con-
clude	a	stress	response	was	invoked	given	the	limitations	
associated	with	these	measures	in	the	current	study.	With	
this	in	mind,	we	recommend	further	investigation	of	mus-
cle	tension	as	an	indicator	of	stress	and	distress	in	horses	
along	with	other	novel	measures	of	stress.

5 	 | 	 CONCLUSION

Muscular	tension	measured	via	surface	EMG	is	a	promis-
ing	indicator	of	distress	in	horses.	The	inclusion	of	mus-
cular	tension	as	a	measure	of	stress	in	future	studies	can	
help	researchers	assemble	an	array	of	variables	to	provide	
a	more	nuanced	understanding	of	stress	in	the	horse.	This	
measure	 may	 be	 particularly	 relevant	 for	 horses	 with	 a	
personality	or	experimental	conditions	that	 limit	the	be-
havioral	expression	of	stress.

ACKNOWLEDGMENTS
The	authors	wish	to	thank	the	many	undergraduate	stu-
dents	who	assisted	with	this	project.

CONFLICT OF INTEREST
The	authors	have	no	conflict	of	interest	to	declare.

AUTHOR CONTRIBUTIONS
EMR,	 KM,	 and	 KHM	 conceptualized	 and	 designed	 the	
study.	EMR,	HCM,	KM,	and	KHM	collected	samples	and	



   | 13 of 14RANKINS et al.

data,	performed	analyses,	and	interpreted	the	data.	EMR,	
HCM,	KM,	and	KHM	drafted	the	manuscript	or	revised	it	
critically	for	important	intellectual	content.

ORCID
Kenneth H. McKeever  	https://orcid.
org/0000-0002-4746-0448	

REFERENCES
Bartolomé,	E.,	Sánchez,	M.	J.,	Molina,	A.,	Schaefer,	A.	L.,	Cervantes,	

I.,	&	Valera,	M.	 (2013).	Using	eye	 temperature	and	heart	rate	
for	 stress	 assessment	 in	 young	 horses	 competing	 in	 jumping	
competitions	and	its	possible	influence	on	sport	performance.	
Animal,	 7,	 2044–	2053.	 https://doi.org/10.1017/S1751	73111	
3001626

Brandenberger,	 G.,	 Follenius,	 M.,	 Hietter,	 B.,	 Reinhardt,	 B.,	 &	
Siméoni,	M.	 (1982).	Feedback	 from	meal-	related	peaks	deter-
mines	diurnal	changes	in	cortisol	response	to	exercise.	Journal 
of Clinical Endocrinology and Metabolism,	54,	592–	596.	https://
doi.org/10.1210/jcem-	54-	3-	592

Bulens,	A.,	Sterken,	H.,	Van,	B.	S.,	Van,	T.	J.,	&	Driessen,	B.	(2015).	
The	use	of	different	objects	during	a	novel	object	test	in	stabled	
horses.	 Journal of Veterinary Behavior,	 10,	 54–	58.	 https://doi.
org/10.1016/j.jveb.2014.09.002

Cheung,	T.	K.,	Warren,	L.	K.,	Lawrence,	L.	M.,	&	Thompson,	K.	N.	
(1998).	Electromyographic	activity	of	the	long	digital	extensor	
muscle	in	the	exercising	Thoroughbred	horse.	Equine Veterinary 
Journal,	30,	251–	255.	https://doi.org/10.1111/j.2042-	3306.1998.
tb044	96.x

Colborne,	 G.	 R.,	 Birtles,	 D.	 M.,	 &	 Cacchione,	 I.	 C.	 (2001).	
Electromyographic	 and	 kinematic	 indicators	 of	 fatigue	 in	
horses:	 a	 pilot	 study.	 Equine Veterinary Journal,	 33,	 89–	93.	
https://doi.org/10.1111/j.2042-	3306.2001.tb053	67.x

Cordero,	M.,	Brorsen,	B.	W.,	&	McFarlane,	D.	(2012).	Circadian	and	
circannual	 rhythms	 of	 cortisol,	 ACTH,	 and	 α-	melanocyte-	
stimulating	 hormone	 in	 healthy	 horses.	 Domestic Animal 
Endocrinology,	43,	317–	324.	https://doi.org/10.1016/J.DOMAN	
IEND.2012.05.005

Crook,	 T.	 C.,	 Wilson,	 A.,	 &	 Hodson-	Tole,	 E.	 (2010).	 The	 effect	 of	
treadmill	 speed	 and	 gradient	 on	 equine	 hindlimb	 muscle	 ac-
tivity.	 Equine Veterinary Journal,	 42,	 412–	416.	 https://doi.
org/10.1111/j.2042-	3306.2010.00222.x

Davidowitz,	J.,	Browne-	Mayers,	A.	N.,	Kohl,	R.,	Welch,	L.,	&	Hayes,	
R.	 (1955).	 An	 electromyographic	 study	 of	 muscular	 tension.	
Journal of Psychology,	40,	85–	94.	https://doi.org/10.1080/00223	
980.1955.9712966

DeLuca,	C.	J.	(1997).	The	use	of	surface	electromyography	in	biome-
chanics.	Journal of Applied Biomechanics,	13,	135–	163.	https://
doi.org/10.1123/jab.13.2.135

Dickstein,	G.,	Shechner,	C.,	Nicholson,	W.	E.,	Rosner,	I.,	Shen-	Orr,	
Z.,	 Adawi,	 F.,	 &	 Lahav,	 M.	 (1991).	 Adrenocorticotropin	 stim-
ulation	 test:	 Effects	 of	 basal	 cortisol	 level,	 time	 of	 day,	 and	
suggested	 new	 sensitive	 low	 dose	 test*.	 Journal of Clinical 
Endocrinology and Metabolism,	 72,	 773–	778.	 https://doi.
org/10.1210/jcem-	72-	4-	773

Doheny,	E.	P.,	Lowery,	M.	M.,	FitzPatrick,	D.	P.,	&	O’Malley,	M.	J.	
(2008).	 Effect	 of	 elbow	 joint	 angle	 on	 force–	EMG	 relation-
ships	 in	 human	 elbow	 flexor	 and	 extensor	 muscles.	 Journal 

of Electromyography & Kinesiology,	 18,	 760–	770.	 https://doi.
org/10.1016/j.jelek	in.2007.03.006

Friard,	O.,	&	Gamba,	M.	(2016).	BORIS:	A	free,	versatile	open-	source	
event-	logging	software	for	video/audio	coding	and	live	observa-
tions.	Methods in Ecology and Evolution,	7,	1325–	1330.	https://
doi.org/10.1111/2041-	210X.12584

Gleerup,	K.	B.,	Forkman,	B.,	Lindegaard,	C.,	&	Andersen,	P.	H.	(2015).	
An	equine	pain	face.	Veterinary Anaesthesia and Analgesia,	42,	
103–	114.	https://doi.org/10.1111/VAA.12212

Ijichi,	 C.,	 Collins,	 L.	 M.,	 Creighton,	 E.,	 &	 Elwood,	 R.	 W.	 (2013).	
Harnessing	the	power	of	personality	assessment:	subjective	as-
sessment	 predicts	 behaviour	 in	 horses.	 Behavioural Processes,	
96,	47–	52.	https://doi.org/10.1016/J.BEPROC.2013.02.017

Johnson,	A.	L.,	&	Malinowski,	K.	(1986).	Daily	rhythm	of	cortisol,	
and	evidence	 for	a	photo-	inducible	phase	 for	prolactin	 secre-
tion	in	nonpregnant	mares	housed	under	non-	interrupted	and	
skeleton	photoperiods.	Journal of Animal Science,	63,	169–	175.	
https://doi.org/10.2527/jas19	86.631169x

Kienapfel,	 K.	 (2015).	 The	 effect	 of	 three	 different	 head-	neck	
positions	 on	 the	 average	 EMG	 activity	 of	 three	 important	
neck	 muscles	 in	 the	 horse.	 Journal of Animal Physiology 
and Animal Nutrition,	99,	132–	138.	https://doi.org/10.1111/
jpn.12210

König	von	Borstel,	U.,	Visser,	E.	K.,	&	Hall,	C.	(2017).	Indicators	of	
stress	in	equitation.	Applied Animal Behaviour Science,	190,	43–	
56.	https://doi.org/10.1016/j.appla	nim.2017.02.018

Kupa,	 E.	 J.,	 Roy,	 S.	 H.,	 Kandarian,	 S.	 C.,	 &	 De	 Luca,	 C.	 J.	 (1995).	
Effects	of	muscle	fiber	type	and	size	on	EMG	median	frequency	
and	conduction	velocity.	Journal of Applied Physiology,	79,	23–	
32.	https://doi.org/10.1152/jappl.1995.79.1.23

Lansade,	 L.,	 Bouissou,	 M.,	 &	 Erhard,	 H.	 W.	 (2008a).	 Reactivity	
to	 isolation	 and	 association	 with	 conspecifics	 :	 A	 tempera-
ment	 trait	 stable	 across	 time	 and	 situations.	 Applied Animal 
Behaviour Science,	 109,	 355–	373.	 https://doi.org/10.1016/j.
appla	nim.2007.03.003

Lansade,	L.,	Bouissou,	M.	F.,	&	Erhard,	H.	W.	(2008b).	Fearfulness	in	
horses:	A	temperament	trait	stable	across	time	and	situations.	
Applied Animal Behaviour Science,	 115,	 182–	200.	 https://doi.
org/10.1016/j.appla	nim.2008.06.011

Lawrence,	 J.	 H.,	 &	 De	 Luca,	 C.	 J.	 (1983).	 Myoelectric	 signal	 ver-
sus	 force	relationship	 in	different	human	muscles.	Journal of 
Applied Physiology,	 54,	 1653–	1659.	 https://doi.org/10.1152/
jappl.1983.54.6.1653

Lesimple,	 C.	 (2020).	 Indicators	 of	 horse	 welfare:	 State-	of-	the-	art.	
Animals,	10,	294.	https://doi.org/10.3390/ani10	020294

Lesimple,	C.,	Fureix,	C.,	De	Margerie,	E.,	Sénèque,	E.,	Menguy,	H.,	
&	Hausberger,	M.	(2012).	Towards	a	postural	indicator	of	back	
pain	in	horses	(Equus	caballus).	PLoS One,	7,	e44604.	https://
doi.org/10.1371/journ	al.pone.0044604

Licka,	T.,	Frey,	A.,	&	Peham,	C.	(2009).	Electromyographic	activity	
of	 the	 longissimus	 dorsi	 muscles	 in	 horses	 when	 walking	 on	
a	 treadmill.	 The Veterinary Journal,	 180,	 71–	76.	 https://doi.
org/10.1016/J.TVJL.2007.11.001

Lundberg,	 U.,	 Kadefors,	 R.,	 Melin,	 B.,	 Palmerud,	 G.,	 Hassmen,	 P.,	
Engstrom,	M.,	&	Dohns,	I.	E.	(1994).	Psychophysiological	stress	
and	EMG	activity	of	the	trapezius	muscle.	International Journal 
of Behavioral Medicine,	 1,	 354–	370.	 https://doi.org/10.1207/
s1532	7558i	jbm01	04_5

Mal,	M.	E.,	Friend,	T.	H.,	Lay,	D.	C.,	Vogelsang,	S.	G.,	&	Jenkins,	
O.	 C.	 (1991).	 Physiological	 responses	 of	 mares	 to	 short	

https://orcid.org/0000-0002-4746-0448
https://orcid.org/0000-0002-4746-0448
https://orcid.org/0000-0002-4746-0448
https://doi.org/10.1017/S1751731113001626
https://doi.org/10.1017/S1751731113001626
https://doi.org/10.1210/jcem-54-3-592
https://doi.org/10.1210/jcem-54-3-592
https://doi.org/10.1016/j.jveb.2014.09.002
https://doi.org/10.1016/j.jveb.2014.09.002
https://doi.org/10.1111/j.2042-3306.1998.tb04496.x
https://doi.org/10.1111/j.2042-3306.1998.tb04496.x
https://doi.org/10.1111/j.2042-3306.2001.tb05367.x
https://doi.org/10.1016/J.DOMANIEND.2012.05.005
https://doi.org/10.1016/J.DOMANIEND.2012.05.005
https://doi.org/10.1111/j.2042-3306.2010.00222.x
https://doi.org/10.1111/j.2042-3306.2010.00222.x
https://doi.org/10.1080/00223980.1955.9712966
https://doi.org/10.1080/00223980.1955.9712966
https://doi.org/10.1123/jab.13.2.135
https://doi.org/10.1123/jab.13.2.135
https://doi.org/10.1210/jcem-72-4-773
https://doi.org/10.1210/jcem-72-4-773
https://doi.org/10.1016/j.jelekin.2007.03.006
https://doi.org/10.1016/j.jelekin.2007.03.006
https://doi.org/10.1111/2041-210X.12584
https://doi.org/10.1111/2041-210X.12584
https://doi.org/10.1111/VAA.12212
https://doi.org/10.1016/J.BEPROC.2013.02.017
https://doi.org/10.2527/jas1986.631169x
https://doi.org/10.1111/jpn.12210
https://doi.org/10.1111/jpn.12210
https://doi.org/10.1016/j.applanim.2017.02.018
https://doi.org/10.1152/jappl.1995.79.1.23
https://doi.org/10.1016/j.applanim.2007.03.003
https://doi.org/10.1016/j.applanim.2007.03.003
https://doi.org/10.1016/j.applanim.2008.06.011
https://doi.org/10.1016/j.applanim.2008.06.011
https://doi.org/10.1152/jappl.1983.54.6.1653
https://doi.org/10.1152/jappl.1983.54.6.1653
https://doi.org/10.3390/ani10020294
https://doi.org/10.1371/journal.pone.0044604
https://doi.org/10.1371/journal.pone.0044604
https://doi.org/10.1016/J.TVJL.2007.11.001
https://doi.org/10.1016/J.TVJL.2007.11.001
https://doi.org/10.1207/s15327558ijbm0104_5
https://doi.org/10.1207/s15327558ijbm0104_5


14 of 14 |   RANKINS et al.

term	 confinement	 and	 social	 isolation.	 Journal of Equine 
Veterinary Science,	11,	96–	102.	https://doi.org/10.1016/S0737	
-	0806(07)80138	-	9

McDonnell,	 S.	 (2003).	 A practical field guide to horse behavior.	
Eclipse	Press,	A	Division	of	the	Blood-	Horse	Inc.

McGowan,	 C.	 M.,	 &	 Hodgson,	 D.	 R.	 (2014).	 Hematology	 and	
Biochemistry.	 In	 D.	 R.	 Hodgson,	 K.	 H.	 McKeever,	 &	 C.	 M.	
McGowan	 (Eds.),	 The Athletic Horse	 (pp.	 56–	68).	 Elsevier	
Saunders.

McGreevy,	 P.,	 &	 McLean,	 A.	 (2010).	 Equitation science.	
Wiley-	Blackwell.

McGreevy,	 P.,	 Warren-	Smith,	 A.,	 &	 Guisard,	 Y.	 (2012).	 The	 effect	
of	double	bridles	and	jaw-	clamping	crank	nosebands	on	tem-
perature	of	eyes	and	facial	skin	of	horses.	Journal of Veterinary 
Behavior,	7,	142–	148.	https://doi.org/10.1016/j.jveb.2011.08.001

McKeever,	K.	H.,	Arent,	S.	M.,	&	Davitt,	P.	 (2014).	Endocrine	and	
Immune	Responses	to	Exercise	and	Training.	In	D.	R.	Hodgson,	
K.	H.	McKeever,	&	C.	M.	McGowan	(Eds.),	The Athletic Horse: 
Principles and Practice of Equine Sports Medicine	(pp.	88–	107).	
Elsevier	Saunders.

McKeever,	K.	H.,	Hinchcliff,	K.	W.,	Reed,	S.	M.,	&	Robertson,	J.	T.	
(1993).	 Plasma	 constituents	 during	 incremental	 treadmill	 ex-
ercise	 in	 intact	and	 splenectomised	horses.	 Equine Veterinary 
Journal,	25,	233–	236.	https://doi.org/10.1111/j.2042-	3306.1993.
tb029	50.x

Mott,	R.	O.,	Hawthorne,	S.	J.,	&	McBride,	S.	D.	(2020).	Blink	rate	as	
a	measure	of	stress	and	attention	in	the	domestic	horse	(Equus	
caballus).	 Scientific Reports,	 10,	 1–	8.	 https://doi.org/10.1038/
s4159	8-	020-	78386	-	z

Myrtek,	M.	(2004).	Heart and emotion: Ambulatory monitoring stud-
ies in everyday life.	Hogrefe	&	Huber	Publishers.

Peeters,	M.,	Verwilghen,	D.,	Serteyn,	D.,	&	Vandenheede,	M.	(2012).	
Relationships	between	young	stallions’	temperament	and	their	
behavioral	reactions	during	standardized	veterinary	examina-
tions.	 Journal of Veterinary Behavior,	 7,	 311–	321.	 https://doi.
org/10.1016/j.jveb.2011.10.008

Persson,	 S.	 G.	 B.,	 &	 Lydin,	 G.	 (1973).	 Circulatory	 Effects	 of	
Splenectomy	 in	 the	Horse:	 III.	Effect	on	pulse-	work	 relation-
ship.	 Zentralblatt für Veterinärmedizin Reihe A,	 20,	 521–	530.	
https://doi.org/10.1111/j.1439-	0442.1973.tb010	66.x

Pétursson,	E.	(1962).	Electromyographic	studies	of	muscular	tension	
in	 psychiatric	 patients.	 Comprehensive Psychiatry,	 3,	 29–	36.	
https://doi.org/10.1016/S0010	-	440X(62)80027	-	3

Reimers,	T.	 J.,	 Salerno,	V.	 J.,	 &	 Lamb,	 S.	V.	 (1996).	Validation	 and	
application	 of	 solid-	phase	 chemiluminescent	 immunoassays	
for	 diagnosis	 of	 endocrine	 diseases	 in	 animals.	 Comparative 
Haematology International,	6,	170–	175.	https://doi.org/10.1007/
BF003	68462

Robert,	C.,	Valette,	J.	P.,	&	Denoix,	J.	M.	(1998).	Surface	electromyo-
graphic	 analysis	 of	 the	 normal	 horse	 locomotion:	 a	 prelimi-
nary	report.	(pp.	80–	85).In:	Proceedings	of	the	Conference	on	
Equine	Sports	Medicine	and	Science.

Robert,	C.,	Valette,	J.	P.,	&	Denoix,	J.-	M.	(2010).	The	effects	of	tread-
mill	inclination	and	speed	on	the	activity	of	three	trunk	mus-
cles	 in	 the	 trotting	horse.	Equine Veterinary Journal,	33,	466–	
472.	https://doi.org/10.2746/04251	64017	76254745

Rose,	 R.	 J.,	 &	 Allen,	 J.	 R.	 (1985).	 Hematologic	 responses	 to	 exer-
cise	 and	 training.	 The Veterinary Clinics of North America. 

Equine Practice,	 1,	 461–	476.	 https://doi.org/10.1016/S0749	
-	0739(17)30745	-	9

Sainsbury,	 P.,	 &	 Gibson,	 J.	 G.	 (1954).	 Symptoms	 of	 anxiety	 and	
tension	 and	 the	 accompanying	 physiological	 changes	 in	 the	
muscular	 system.	 Journal of Neurology, Neurosurgery and 
Psychiatry,	17,	216–	224.	https://doi.org/10.1136/jnnp.17.3.216

St.	George,	L.,	Hobbs,	S.J.,	Richards,	J.,	Sinclair,	J.,	Holt,	D.,	&	Roy,	
S.H.	 (2018).	 The	 effect	 of	 cut-	off	 frequency	 when	 high-	pass	
filtering	 equine	 sEMG	 signals	 during	 locomotion.	 Journal 
of Electromyography & Kinesiology,	 43,	 28–	40.	 https://doi.
org/10.1016/j.jelek	in.2018.09.001

St.	George,	L.,	Roy,	S.H.,	Richards,	J.,	Sinclair,	J.,	&	Hobbs,	S.J.	(2019).	
Surface	EMG	signal	normalisation	and	filtering	improves	sen-
sitivity	of	equine	gait	analysis.	Comparative Exercise Physiology,	
15,	1–	14.	https://doi.org/10.3920/cep19	0028

Stewart,	G.	A.,	Riddle,	C.	A.,	&	Salmon,	P.	W.	(1977).	Haematology	
of	the	racehorse:	A	recent	study	of	thoroughbreds	in	Victoria.	
Australian Veterinary Journal,	53,	353–	359.

Valentin,	 S.,	 &	 Zsoldos,	 R.	 R.	 (2016).	 Surface	 electromyography	
in	 animal	 biomechanics:	 A	 systematic	 review.	 Journal of 
Electromyography & Kinesiology,	 28,	 167–	183.	 https://doi.
org/10.1016/J.JELEK	IN.2015.12.005

Veissier,	 I.,	 &	 Boissy,	 A.	 (2007).	 Stress	 and	 welfare:	 Two	 comple-
mentary	concepts	that	are	intrinsically	related	to	the	animal’s	
point	of	view.	Physiology & Behavior,	92,	429–	433.	https://doi.
org/10.1016/j.physb	eh.2006.11.008

Williams,	 J.	 M.	 (2018).	 Electromyography	 in	 the	 horse:	 A	 useful	
technology?	Journal of Equine Veterinary Science,	60,	43–	58.e2.	
https://doi.org/10.1016/j.jevs.2017.02.005

Williams,	 J.,	 Gundry,	 P.,	 Richards,	 J.,	 &	 Protheroe,	 L.	 (2013).	 A	
preliminary	 evaluation	 of	 surface	 electromyography	 as	 a	 tool	
to	 measure	 muscle	 fatigue	 in	 the	 National	 Hunt	 racehorse.	
The Veterinary Nurse,	 4,	 566–	572.	 https://doi.org/10.12968/	
vetn.2013.4.9.566

Williams,	J.	M.,	Johnson,	C.,	Bales,	R.,	Lloyd,	G.,	Barron,	L.,	&	Quest,	
D.	(2014).	Analysis	of	Temporalis	and	Masseter	adaptation	after	
routine	dental	treatment	in	the	horse	via	surface	electromyog-
raphy.	 Comparative Exercise Physiology,	 10,	 223–	232.	 https://
doi.org/10.3920/CEP14	3004

Yarnell,	K.,	Hall,	C.,	&	Billett,	E.	(2013).	An	assessment	of	the	aversive	
nature	 of	 an	 animal	 management	 procedure	 (clipping)	 using	
behavioral	and	physiological	measures.	Physiology & Behavior,	
118,	32–	39.	https://doi.org/10.1016/j.physb	eh.2013.05.013

Zsoldos,	 R.	 R.,	 Kotschwar,	 A.,	 Kotschwar,	 A.	 B.,	 Rodriguez,	 C.	
P.,	 Peham,	 C.,	 &	 Licka,	 T.	 (2010).	 Activity	 of	 the	 equine	 rec-
tus	 abdominis	 and	 oblique	 external	 abdominal	 muscles	 mea-
sured	 by	 surface	 EMG	 during	 walk	 and	 trot	 on	 the	 tread-
mill.	 Equine Veterinary Journal,	 42,	 523–	529.	 https://doi.
org/10.1111/j.2042-	3306.2010.00230.x

How to cite this article:	Rankins,	E.	M.,	Manso	
Filho,	H.	C.,	Malinowski,	K.,	&	McKeever,	K.	H.	
(2022).	Muscular	tension	as	an	indicator	of	acute	
stress	in	horses.	Physiological Reports,	10, e15220.	
https://doi.org/10.14814/	phy2.15220

https://doi.org/10.1016/S0737-0806(07)80138-9
https://doi.org/10.1016/S0737-0806(07)80138-9
https://doi.org/10.1016/j.jveb.2011.08.001
https://doi.org/10.1111/j.2042-3306.1993.tb02950.x
https://doi.org/10.1111/j.2042-3306.1993.tb02950.x
https://doi.org/10.1038/s41598-020-78386-z
https://doi.org/10.1038/s41598-020-78386-z
https://doi.org/10.1016/j.jveb.2011.10.008
https://doi.org/10.1016/j.jveb.2011.10.008
https://doi.org/10.1111/j.1439-0442.1973.tb01066.x
https://doi.org/10.1016/S0010-440X(62)80027-3
https://doi.org/10.1007/BF00368462
https://doi.org/10.1007/BF00368462
https://doi.org/10.2746/042516401776254745
https://doi.org/10.1016/S0749-0739(17)30745-9
https://doi.org/10.1016/S0749-0739(17)30745-9
https://doi.org/10.1136/jnnp.17.3.216
https://doi.org/10.1016/j.jelekin.2018.09.001
https://doi.org/10.1016/j.jelekin.2018.09.001
https://doi.org/10.3920/cep190028
https://doi.org/10.1016/J.JELEKIN.2015.12.005
https://doi.org/10.1016/J.JELEKIN.2015.12.005
https://doi.org/10.1016/j.physbeh.2006.11.008
https://doi.org/10.1016/j.physbeh.2006.11.008
https://doi.org/10.1016/j.jevs.2017.02.005
https://doi.org/10.12968/vetn.2013.4.9.566
https://doi.org/10.12968/vetn.2013.4.9.566
https://doi.org/10.3920/CEP143004
https://doi.org/10.3920/CEP143004
https://doi.org/10.1016/j.physbeh.2013.05.013
https://doi.org/10.1111/j.2042-3306.2010.00230.x
https://doi.org/10.1111/j.2042-3306.2010.00230.x
https://doi.org/10.14814/phy2.15220

